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Abstract 
To estimate the reference vehicle speed, the vehicle dynamic and wheel dynamic is modeled. Based on analyzing the 
braking process and dynamic model of vehicle and wheel, the T-S fuzzy model of vehicle deceleration is established. 
Then the reference vehicle speed estimation approach by virtue of T-S fuzzy model is proposed. At last, the ABS 
control algorithm is developed and road test is done. Experiment results show that the proposed approach is of high 
accurate. 
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1. Introduction
The performance of Anti-lock braking systems (ABS) lies on the accuracy of vehicle speed largely [1].
However, ABS is not equipped with vehicle speed sensor. Therefore, it is important to estimate the 
reference vehicle speed accurately by using wheel speed information. 
To estimate the reference vehicle speed, the widely used methods include maximum wheel speed 
method, slope method, integration method and adaptive method[2]. In the maximum wheel speed method, 
the maximum wheel speed of the wheels is taken as the reference vehicle speed. But the great error 
between reference vehicle speed and vehicle speed affect the control effect seriously. In the slope method, 
the vehicle deceleration is set to be a constant according to the road condition. But plenty of experiments 
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have proved that the slope method is lack of adaptability. The adaptive method uses the slope of two 
adjacent wheel speed peak as the vehicle deceleration. In addition, the Kalman filter is used to estimate 
reference vehicle speed[3-4].
T-S fuzzy system, a fuzzy nonlinear dynamic model is described by fuzzy If-Then rules which 
represent local linear input-output relations of nonlinear system[5]. It has been proved that the T-S fuzzy 
system can approximate any continuous functions in a compact set of at any preciseness[6].
Considering the strong nonlinearity between wheel speed and reference vehicle speed, we will use T-S 
fuzzy system to model reference vehicle speed and estimate the reference vehicle speed. 
nR
2. Reference vehicle speed estimation based on T-S fuzzy model 
2.1. T-S fuzzy model 
The dynamic MISO system is described by the sets of fuzzy rule. The expression of fuzzy model is: 
Ri:if x1 is ,x2is ,..., xm is ,then yi= + + +...+                                     
(1) 
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Where, iR indicates the ith rule of fuzzy model;  is the mth fuzzy set of the ith input; xi is the ith 
input; m is the number of the input; y is the output of the ith fuzzy rule; pj is the jth parameter of the 
fuzzy rule conclusion.  
i
mA
The output y of the T-S fuzzy model system equals to the weighted average of y. 
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Where,  is the membership of to the fuzzy set ; indicate fuzzy operator. ( jij xA jx ijA Π
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Let ,[ ]Tnmnm ppppppP LLL ,,,,,, 11121110= [ ]mnm xxxxx ββββ ,,,, 12111 LL= , then formula 
(13) can be expressed as 
Py β=                                                                                                                                               
(5) 
If multi pairs of input and output sample data known, a matrix equation can be got by applying (14) 
XPY =                                                                                                                                              
(6) 
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Then, the least square estimation of . We can get ( ) YXXXP TT 1−=
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Where, i=0, 1,…, k-1，  is the ith row vector of X, yi is the ith component of Y, ，Tix 00 =P
IS α=0 ，α  is constant, I is unit matrix. 
2.2. T-S fuzzy model of vehicle acceleration 
In order to prevent the wheel from lock, the braking system will decompress once the wheel 
deceleration is larger than certain value, as point 1 in fig.1. With the decreasing of braking pressure, the 
wheel speed will increase. At point 2, the wheel acceleration will become zero. Continuing decompress, 
the wheel will accelerate. At point 3, the wheel slip rate reaches its goal interval and the ABS will hold 
the braking pressure to obtain the maximum adhesion force till point 4, at which the wheel slip rate will 
go beyond the interval and the ABS will increase braking pressure. Thus, the ABS finished one control 
cycle. In the next control cycle, ABS will repeat the above process. 
Fig. 1. Braking process 
Analyzing the braking process shown in fig.3, we see that the braking pressure is a constant from point 
3 to point 4, that is to say bM  is constant. Therefore, the wheel acceleration is the function of J during 
this period. Therefore formula (1) can be simplified as 
∑= fvM &                                                                                                                                        
(9) 
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Therefore, we can establish T-S fuzzy model between wheel acceleration and vehicle acceleration 
when the four wheels are at the stage of holding pressure. 
According to the analysis of the braking process, we designed the membership function of sum wheel 
acceleration is shown in fig.2. (a). 
Using expressing reference vehicle deceleration, the membership function of  is shown in fig.2. 
(b). 
vr & vr &
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( )2sradsω&               
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Fig. 2. (a) Membership function of sum wheel acceleration; (b) Membership function of reference vehicle deceleration 
As analyzed before, the wheel deceleration is the function of four wheels acceleration when the four 
wheels are all at the stage of holding pressure. Taking ( )2−ksω& , ( )1−ksω&  and  as fuzzy 
premise and  as fuzzy conclusion, the T-S fuzzy model of reference vehicle deceleration with 14 
fuzzy rules is established. The fuzzy rules of the T-S fuzzy model is expressed as 
( 1−kvr & )
) )
( )kvr &
R1: If  is PB, ( 1−kvr & ( 2−ksω& is PB and ( 1−′ ks )ω  is PB, Then 
( ) ( ) ( ) ( )121 13121110 −+−+−+= kspkspkvrppkvr ωω &&&& ;
…… 
Ri: If  is PB, ( 1−kvr & ) )( 2−ksω& is PS and ( 1−Ks )ω&  is PS, Then 
( ) ( ) ( ) ( )121 3210 −+−+−+= kspkspkvrppkvr iiii ωω &&&& ;
…… 
R14: If  is NS, ( 1−kvr & ) )( 2−ksω& is NS and ( 1−ks )ω&  is PS, Then 
( ) ( ) ( ) ( )121 143142141140 −+−+−+= kspkspkvrppkvr ωω &&&& ;
2.3. Calculation of reference vehicle speed 
Using T-S fuzzy model, the reference vehicle deceleration only can be estimated when the four wheels 
hold pressure in one control cycle. Supposing the reference vehicle deceleration is when one wheel 
begins increasing pressure, the reference vehicle speed will be obtained by 
vr &
( ) ( ) tvrkrvkrv Δ−=+ &1                                                                                                               
(10) 
192  Taixiong Zheng et al. / Procedia Engineering 15 (2011) 188 – 193Taixiong Zheng, Fulei Ma, Kaibi Zhang / Procedia Engineering 00 (2011) 000–000 5
3. Experiments 
In order to verify the accuracy and real-time of the proposed approach, the ABS control algorithm 
based on the reference vehicle speed estimation method. The vehicle speed sensor is installed on the 
vehicle and road test is done. The reference vehicle speed and vehicle speed is collected and shown in 
fig.3. 
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Fig.3. Road test results 
Owing to measure error and vehicle vibration, the noise fluctuates along measured vehicle speed. But 
the measured vehicle speed approximates a straight line. It is obvious that the estimated reference vehicle 
speed is close to the measured vehicle speed very much. Therefore, the proposed approach is very 
accurate.
4. Conclusions 
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In this paper, the T-S fuzzy model based reference vehicle speed estimation approach is proposed and 
simulation is done. Such conclusion can be drawn. 
1) The T-S fuzzy model based ABS reference vehicle speed estimation approach can achieve high 
accuracy compared with the simulated vehicle speed and measured vehicle speed. 
2) Although, the proposed algorithm seems a little complicated, the real-time of the algorithm can be 
guaranteed by using high-performance processor as MCU. 
3) If more experiments and improvement can be done, the proposed approach can be used as another 
hopeful method. 
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